ABSTRACT Most physiological processes to external stimulants rely upon intracellular signal transduction mediated by ligand binding of G-protein-coupled receptors. The G-protein signaling pathway is deactivated by arrestin-2 binding, which is indispensable for receptor internalization and recycling. We identiÞed the full-length cDNA encoding arrestin-2 in Maruca vitrata F. using rapid ampliÞcation of cDNA ends. The open reading frame of MaviArr2 is 1,221 bp in length, encoding 407 amino acids. The alignment of the known arrestin-2 amino acid sequences from other insects revealed that MaviArr2 has the highest similarity (98.8%) to the monarch butterßy, but shows low homology (53.9 Ð 60.7%) with ants and bees. A certain number of highly conserved protein-binding motifs were identiÞed from the deduced MaviArr2 amino acids, demonstrating their function as receptor deactivators in signal transduction pathways in cells. The genomic DNA sequence of MaviArr2, ampliÞed by polymerase chain reaction, is 1,779 bp in size and is composed of six exons. Real-time quantitative polymerase chain reaction assay demonstrated a relatively higher expression of MaviArr2 mRNA in the late pupal stages, suggesting multiple developmental functions. Phylogenetic analysis showed the lepidopteran arrestin-2 protein sequence is closely related to that of Diptera, but distant from Hymenoptera arrestin-2. IntraspeciÞc genomic sequence comparisons of MaviArr2 show a greater conservation of the gene in M. vitrata from Africa than those from geographical locations in Asia. These Þndings are a signiÞcant step forward in our understanding of arrestin-2 gene architecture and functions, which may provide a possibility to manage M. vitrata through molecular and phylogenetic techniques.
The life history of insects mostly consists of development, reproduction, and a wide variety of behaviors, such as host-selection and mate-seeking, that are directly under the control of cellular physiology. The seven-transmembrane G-protein-coupled receptors (GPCRs) are the most diverse and largest family of cell membrane receptors and they play crucial roles in sensing and transforming extracellular signals into intracellular physiological responses (Rosenbaum et al. 2009 ). In general, chemicals or environmental cues are perceived through binding to heptahelical GPCRs, followed by the activation of speciÞc heterotrimeric G-proteins and different signal transduction pathways. The activated G-protein induces the synthesis of secondary messengers that in turn result in changes of electrical signals received by the central nervous system, which eventually coordinates various physiological activities (Hildebrand and Shepherd 1997 , Clyne et al. 1999 , Broeck 2001 .
A critical issue for GPCR-induced signal transduction cascades is the maintenance of the functional status of the receptors to ensure that environmental cues can be continuously perceived (Dawson et al. 1993, Krupnick and Benovic 1998) . To achieve this end, deactivation of the GPCRs is necessary. Arrestin-2 is a member of the arrestin protein family and serves as a key factor in the process of desensitization of the GPCRs. Arrestins can be divided into two major categories based on their localization in cells. Nonvisual arrestins, including arrestin-2 and -3, are ubiquitous, whereas visual arrestin-1 and -4 are distributed in photoreceptor cells (Krupnick and Benovic 1998) . Arrestin-2 binds active GPCR, which is phosphorylated by the G-protein receptor kinase upon the ligand binding, thereby increasing afÞnity to arrestin-2 and physically blocking any further G-protein-signaling cascade ). Arrestin-2 was reported to interact with clathrin, Src, and other proteins for GPCR sequestration (Goodman et al. 1997 , Luttrell et al. 1999 . This regulatory mechanism facilitates the internalization of GPCR, which can then be dephosphorylated and recycled to the plasma membrane (Oakley et al. 1999) .
While a role for arrestins in GPCR desensitization has been studied extensively (Luttrell and GestyÐ Palmer 2010) , few attempts have been made to determine the arrestin-2 gene structure in insects. Little information is available in phylogenetic analyses of comparative or interspeciÞc data based on the arrestin-2 nucleotide and amino acid sequences. To date, insect arrestin-2 has been investigated only in the dipterans Anopheles gambiae Giles, Calliphora vicina RobineauÐDesvoidy, and Drosophila miranda Dobzhansky (Krishnan and Ganguly 1990 , Plangger et al. 1994 , Merrill et al. 2003 ), but has not been characterized in agricultural pests, especially lepidopterans.
Bean pod borers are an important pest of food legumes. They have been reported to reduce yield in various vegetable and grain legumes by as much as 80% (Singh et al. 1990 , Afun et al. 1991 , Dreyer et al. 1994 , Ulrichs and Mewis 2004 . The increased and indiscriminate use of chemical insecticides to control bean pod borers, as reported in Asia, Africa, and Latin America, causes severe damage to the environment as well as to human health (Kabir et al. 1996 , Rashid et al. 2003 .
The purpose of this study was to characterize arrestin-2 in a serious lepidopteran pest of leguminous crops, the bean pod borer Maruca vitrata F. (ϭMaruca testulalis Geyer). SpeciÞcally, we sought to identify the structure of the arrestin-2 gene from M. vitrata (MaviArr2), elucidate its genomic organization, and construct arrestin-2-based phylogenetic trees among insect species and within M. vitrata populations.
Materials and Methods
Insects. M. vitrata larvae were collected from different legume crops in Taiwan, Vietnam, Lao PDR, Thailand, India, Kenya, and Benin. Host legume leaves served as the insectsÕ diet until pupation. Larvae were grown in plastic boxes at 26ЊC with a photoperiod of 14:10 (L:D). After pupation, each individual pupa was isolated and maintained in a plastic cup until eclosion. Adults were sexed and reared separately in wiremeshed acrylic cylinders (30 by 15 cm) and provided with water-soaked sponges and a 10% honey solution.
Heads and thoraces from 1-to 6-d-old males and females were dissected and frozen immediately in liquid nitrogen and stored at Ϫ80ЊC. The same tissue parts of larvae and pupae were excised in an identical manner without sex differentiation.
RNA Extraction and cDNA Synthesis. Total RNA was isolated from homogenized heads and thoraces using a modiÞed protocol Total RNA Extraction with Trizol Reagent and PuriÞcation with Qiagen RNeasy Mini Kit from Indiana University (Bloomington, IN), immediately followed by DNase I treatment (Promega Corp., Madison, WI). RNA quantiÞcation was determined by absorbance measurements made on a spectrophotometer at 260 nm, while the purity of the RNA was determined by the ratio of A 260 /A 280 .
The RNA samples were reverse transcribed to synthesize the Þrst-strand cDNA with SuperScriptR III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA) according to the manufacturerÕs protocol, using a mixture of random hexamer and oligo (dT) 20 primers.
Genomic DNA Isolation and Polymerase Chain Reaction Amplification. Genomic DNA samples were isolated from heads of 6-d-old pupae, using the BuccalAmp DNA Extraction Kit (Epicenter Technologies, Madison, WI) according to the manufacturerÕs protocol.
Polymerase chain reaction (PCR) ampliÞcation was conducted in a total reaction volume of 15 l containing 150 ng of Þrst-strand cDNA or genomic DNA, 1X Super-Therm Gold Buffer, 0.4 M of each primer, 2.5 mM MgCl 2 , 0.2 mM dNTP, 1X PCR enhancer CES (Ralser et al. 2006) , and 0.04 U/l of Super-Therm Gold DNA Polymerase (Bertec Enterprise, Taipei, Taiwan). The degenerate primers used in the PCR reaction (5Ј-GGMAARCCYMTGGGYGTYGA-3Ј and 5Ј-CCMGGWGTRAYRGGGCAKCC-3Ј) were modiÞed from previous reports of closely related arrestin-2 homologs (Merrill et al. 2003) . Touchdown PCR was performed as follows: an initial step at 95ЊC for 10 min and an additional step at 97ЊC for 1 min; 10 cycles of denaturation at 95ЊC for 30 s; annealing at 60ЊC for 45 s, decreased by 1ЊC per cycle; extension at 72ЊC for 1 min, followed by 30 cycles of 95ЊC for 30 s, 50ЊC for 45 s, and 72ЊC for 1 min; and a Þnal extension at 72ЊC for 10 min. The PCR products were fractionated by 2% agarose gel electrophoresis and visualized under ultraviolet light by ethidium bromide ßuores-cence. DNA fragments were excised and puriÞed using Gel/PCR Fragments Extraction Kit (Geneaid Biotech Ltd., New Taipei City, Taiwan).
Molecular Cloning and Sequencing. The gel-extracted PCR products were cloned using a TOPO TA Cloning Kit (Invitrogen) following the manufacturerÕs instructions. Recombinant colonies were picked and placed on LB medium with ampicillin and incubated at 37ЊC overnight. Plasmid DNA was isolated from the bacterial colonies using the Mini Plus Plasmid DNA Extraction System (Viogene, Taipei, Taiwan), digested with EcoRI, and analyzed by agarose gel electrophoresis. Inserts were sequenced at Genomics BioSci and Tech Co. (Taipei, Taiwan) .
Rapid Amplification of cDNA Ends Amplification. Gene speciÞc primers were generated based on the partial MaviArr2 coding sequence. Rapid ampliÞca-tion of cDNA ends (RACE) was used using GeneRacer Kit (Invitrogen) for extending the 5Ј and 3Ј ends of the MaviArr2 cDNA following the manufacturerÕs protocol. The PCR ampliÞcation, cloning, and sequencing of the 5Ј-and 3Ј-RACE fragments were accomplished using PCR reagent concentrations as described, with initial denaturation at 95ЊC for 10 min and 35 cycles of denaturation at 95ЊC for 30 s, annealing at 65ЊC for 45 s, extension at 72ЊC for 1 min, and a Þnal extension at 72ЊC for 10 min.
Quantitative PCR (qPCR) Analysis. Reverse transcribed cDNA (1:5 dilution) from various developmental stages of M. vitrata, including larvae (fourthÐ Þfth instar), pupae (1Ð 6 d), female adults (1Ð 6 d), and male adults (1Ð2 d), were ampliÞed using the GM SYBR qPCR Kit (GMbiolab Co., Ltd., Taichung, Taiwan) according to the manufacturerÕs guide with forward-, 5Ј-TCGGTCACTCTTCAACCCGCGGAA-3Ј, and reverse-primer, 5Ј-AGGGCATCCCTCACGGCT CTCCA-3Ј. The real-time PCR was carried out on a Rotor-Gene 6000 (Corbett Life Sciences, Sydney, Australia) as follows: 2 min at 95ЊC, 40 cycles of 15 s at 95ЊC, 30 s at 62.5ЊC, and 30 s at 72ЊC, followed by one cycle of 60 s at 95ЊC, 60 s at 62.5ЊC, and 60 s at 72ЊC, followed by a melting step at 72ЊC, temperature increasing to 95ЊC by 1ЊC every 5 s. ␤-actin (GenBank EU372950), which has been reported to be relatively stable expressed across different simulations and developmental stages in insects (Scharlaken et al. 2008 , Sun et al. 2010 , Ponton et al. 2011 , was chosen as an internal control gene to normalize the MaviArr2 expression. A serial dilution of the cDNA mixture was used to produce a standard curve and cDNA of 1-d-old pupae served as the calibrator for gene expression analysis. Two PCR replicates were performed for each sample. The relative MaviArr2 expression at different developmental stages was estimated using the REST 2009 software (Pfafß et al. 2002) .
Molecular and Phylogenetic Analyses of Sequence Data. The raw sequence data were edited and assembled into contigs with ContigExpress of the Vector NTI Advance program (Invitrogen). Nucleic acid sequences were translated into amino acid sequences. Open reading frames (ORFs) were identiÞed using DNAsmac (http://biofreesoftware.com/), and each sequence segment was aligned using ClustalX2 (Thompson et al. 1997 ). To determine intron-exon boundaries and intron phases, the MaviArr2 cDNA sequence was subjected to ClustalX2 against the corresponding genomic DNA sequence. The last two nucleotides of an exon in a cDNA sequence are usually AG (adenine-guanine), the "shadow sequence" (Mount 1982, Stephens and Schneider 1992) . These nucleotides are often mistakenly aligned with the last two bases of the intronic acceptor site, which are also AG in spliceosomal introns as a general rule, but other misalignment problems are not uncommon. Therefore, the intron phases were veriÞed manually, by inserting the intron position right before the upstream intronic donor base pair, GT (guanine-thymine), or immediately after AG at the end of the preceding exon. The evolutionary trees for interspeciÞc and intraspeciÞc phylogenetic relationships between arrestin-2 genes on the protein and genomic DNA levels were produced with MEGA5 (Tamura et al. 2011) .
Results
Structure of M. vitrata Arrestin-2 Gene. The amplicon of the putative M. vitrata arrestin-2 gene ampliÞed using degenerate primers was cloned for subsequent sequencing. The retrieved sequence of 386 bp (GenBank JN595889) was used to design the gene speciÞc primers 5Ј-CAGGGCATCCYTCACGGCTCT CCA-3Ј and 5Ј-TGCAACATGCTCCTACATCCCG TGG-3Ј, for 5Ј-and 3Ј-RACE ampliÞcation, respectively. The full-length cDNA obtained herein, deposited in GenBank under accession number JN871509, is 1,395 bp in length (Fig. 1) .
The ORF contains 1,221 nucleotides, encoding 407 amino acids (GenBank AEV53930; Fig. 1 (Fig. 2) . In particular, MaviArr2 showed high homology (98.8%) with D. plexippus from the same order Lepidoptera, and with the species of the order Diptera noted above (83.2Ð 89.7%), with the exception of C. quinquefasciatus (58.6%). The alignment of amino acids also revealed three evident gaps of Ϸ12, 46, and 35 amino acids in size from the amino-to carboxy-terminus, respectively. These gaps in MaviArr2 are primarily because of inserts found in members of the suborder Apocrita (Insecta: Hymenoptera).
To validate the nonvisual role of MaviArr2, Þve available insect visual arrestin proteins were extracted from the NCBI GenBank to make a comparison with the MaviArr2 amino acid sequence (Table 1 ). The alignment result shows signiÞcant dissimilarity between M. vitrata arrestin-2 and the Þve compared visual arrestins, whereas the visual arrestins were quite similar.
No potential signal peptide was found among the deduced amino acids by SignalP (http://www.cbs. dtu.dk/services/SignalP/). The MaviArr2 protein, however, carries several substantial functional regions, including a polar core consisting of seven charged residues that stabilize the basal conÞguration of arrestins and the potential binding sites of clathrin that are pivotal to deactivate receptor coupling. The phosphoinositide-binding sites and the putative SH3 domain binding sites associated with kinase pathways were also recognized (Fig. 2) .
Two primer sets, 5Ј-TCCCTTGCATTCGTCGTC GCGGTTA-3Ј,5Ј-CAGGGCATCCTTCACGGCTCT CCAA-3Ј, and 5Ј-ACGGTGAAAAGCTTGCTGCTA ACGTG-3Ј, 5Ј-CGTTGGTGTACAGAGAGTTCTC ATAGCG-3Ј, were synthesized to amplify the genomic sequence of MaviArr2 based on the fulllength cDNA sequence. The 1,779-bp genomic DNA sequence of MaviArr2 (GenBank JQ627639) is composed of six exons and Þve introns (Fig. 3) . The largest intron is 258 bp; the others ranged from 81 to 124 bp. The distribution of intron phases of three out of the Þve introns are phase 0, while the other two are phase 1 introns. All Þve introns are canonical introns, meaning that they exclusively possess 5Ј-GT-AG-3Ј boundaries.
Developmental Expression of M. vitrata Arrestin-2 Gene. A real-time PCR analysis was performed to measure MaviArr2 expression in different developmental stages of M. vitrata. Figure 4 shows that the relative number of transcript copies was low in the fourth and Þfth instars. Over the pupal developmental stage, the arrestin-2 mRNA content gradually increased during the Þrst two days, and then increased dramatically from day 3 on until reaching its peak on day 6. The gene expression of MaviArr2 decreased rapidly after adult emergence. However, the expression level increased again in female adults on days 5 and 6. Arrestin-2 expression in male M. vitrata moths was examined only on 1-and 2-d-old adults. The expression level found in males was signiÞcantly higher than in females (t ϭ 12.92; df ϭ 1; P Ͻ 0.05). The expression level of arrestin-2 was comparable to that of ␤-actin at all investigated developmental stages of M. vitrata, with the exception of the larvae (data not shown), suggesting the highly expressed nature of the gene.
Phylogenetic Relationship of Arrestin-2. The current classiÞcation of M. vitrata along with the 13 other reference insects used in this study is shown in Fig. 5a . The resulting interspeciÞc phylogenetic relationships, based on the arrestin-2 ORFs from M. vitrata and the 13 other available insect arrestin-2 peptide sequences derived from GenBank, are shown in Fig. 5b . The phylogram is consistent with the taxonomic classiÞ-cation of insects, with the exception of C. quinquefasciatus and P. humanus corporis (Fig. 5a ). The members of the suborder Apocrita form a separate clade from the other taxa of compared insects. Figure 6 presents an intraspeciÞc phylogenetic tree, based on the cloned and sequenced arrestin-2 genomic nucleotide sequences of 17 M. vitrata samples from 13 different host plants in seven countries. The result shows no remarkable correlation between intraspeciÞc variation in arrestin-2 and host plant selection of M. vitrata, except for the samples gathered from mungbeans. All six populations from Africa, including Benin and Kenya, are in the same clade, which suggests higher conservation of the MaviArr2 gene in Africa. The individual samples from other examined locations in Asia, however, do not reveal the same pattern, and are distributed randomly over the branches of the tree.
Discussion
Although the structural and functional properties of arrestin-2 have been studied extensively in vertebrates, the data in the current study are the Þrst in which the genomic organization, functional regions, and phylogenetic characterization of arrestin-2 have been documented for an insect species in the order Lepidoptera. We have successfully isolated a fulllength arrestin-2 cDNA from M. vitrata using PCR and RACE. The 1,395 bp transcript includes an ORF that encodes the arrestin-2 protein of 407 amino acids. The structural organization of the arrestin-2 proteins is highly conserved among the winged insects. Moreover, the phylogenetic analysis of arrestin-2 genes also matches the phylogeny and evolutionary diversity of this group.
Pairwise comparisons conÞrm the nonhomology of MaviArr2 to visual arrestin subtype (Table 1) . Vishnivetskiy et al. (2003) reported that bovine arrestin-2 revealed Ϸ59% amino acid sequence homology with visual arrestin, which matches our comparison result. The deduced MaviArr2 amino acids contain a certain number of highly conserved protein-binding motifs, demonstrating their function as receptor deactivators in signal transduction pathways in cells. Residues Asp-33, Asp-36, Lys-175, Lys-176, Asp-298, Asp-305, and Arg-400 together comprise the polar core. Proper charge neutrality is the key factor to maintain the structure of arrestin-2, which is accomplished by the interactions among charged side chains of these residues (Hirsch et al. 1999) . Consequently, the amino acids at these speciÞc sites are proven to be considerably conserved among the compared species in this study (Fig. 2) . The residue Lys-175 was substituted with arginine, each of which is highly hydrophilic and possesses positively charged polar side-chains, something found only in the Apocrita in the current study. In addition, a similar pattern of residue substitutions is seen in three of the Þve identiÞed phosphoinositide binding sites (V243R, S256K, and R333K) within the Apocrita and the other compared taxa. Besides members of the Apocrita, the above dissimilarity in se- quence conservation also was observed in the Þlariasis mosquito vector, C. quinquefasciatus (Diptera: Nematocera). It has been reported that C. quinquefasciatus exhibits distinguishing responses to single compounds and odor blends of human skin from A. aegypti and A. gambiae (Zwiebel and Takken 2004) . Although the exact mechanism remains unclear, our results conÞrm the structural divergence, and possibly suggest a correlation between arrestin-2 variation and host selection.
Three regions are potentially connected with the SH3 domain binding in Src based on sequence consensus motifs (Milano et al. 2002) , all of which are proline-rich, include Pro-95-XXX-Pro-99, Pro-126-XXX-Pro-130, and Pro-269-XX-Pro-272 (where X indicates unspeciÞed amino acids) (Fig. 2) . The degree of sequence similarity of the Pro-126-XXX-Pro-130 motif is the highest among the three regions, suggesting a more conserved and critical role in domain recognition. This observation is consistent with previous Þndings that mutations in residue Pro-126 resulted in dramatically reduced binding capability (Miller et al. 2000) . It is further noteworthy that a tandem duplication event occurred only in the Formicidae species, something that has not been previously reported. This singular duplication also contains an extra SH3 binding region, suggesting either a more robust association or more variable interaction with c-Src, and possibly other functional motifs or sites, in members of the Formicidae. This Þnding, along with the extraordinary pattern perceived in polar core and phosphoinositide binding sites, may be explained to some extent by its unique evolutionary process in the Hymenoptera (Robinson et al. 2008 , Fischman et al. 2011 . Arrestin-2 is involved in the deactivation of GPCR transduction pathways that play important roles in behavioral responses and chemical communication in the social insects. Thus, an extra copy of speciÞc domains has apparently evolved in the Hymenoptera. However, further investigation is necessary to conÞrm this relationship.
The genomic DNA of MaviArr2 involves Þve introns, all spliced following the "GTÐAG" rule (Fig. 3) . The number of introns in M. vitrata is more than the A. gambiae and D. melanogaster homologues, which were three and two, respectively. The MaviArr2 intron IV and V share the same intron positions as the two introns in D. melanogaster, whereas A. gambiae has the Þrst and the last introns at identical sites with the MaviArr2 intron I and V (data not shown). This result does not conßict with previous studies that indicate introns maintain their positions in most lineages over long evolutionary periods (Irimia and Roy 2008) . Intron V is conserved among all three species and may contain important regulatory elements (Hardison 2000) . Previous studies reporting patterns of intron loss and gain indicated intron loss-dominated evolution has occurred in insects (Rogozin et al. 2003) . Therefore, intron loss events may have occurred in A. gambiae and D. melanogaster, according to the comparison of intron-exon boundaries with M. vitrata. In addition, the two adjacent eliminated introns, intron II and III, from both A. gambiae and D. melanogaster, are short introns (82 and 81 bp, respectively). These features, together with the strong expression level of arrestin-2, are in agreement with the reverse transcriptase (RT)-mediated intron loss model (Fink 1987 , Derr 1998 , Esnault et al. 2000 . The missing introns will provide valuable benchmarks for constructing more detailed phylogenetic relationships within the class Insecta. The analysis of the temporal gene expression proÞle of arrestin-2 spanning all developmental stages in insects has never been accomplished until now. Here we report the gene expression changes of arrestin-2 during M. vitrata development. Based on the results of qPCR analysis, the MaviArr2 mRNA is expressed at a relatively low level during late larval stages (Fig. 4) . Insect larval olfactory functions were reported to be exerted largely for odor perception and discrimination learning (Xia et al. 2008 , Masuda-Nakagawa et al. 2009 ). Because of the fact that olfactory regulation is not conÞned to the arrestin-2 protein in insects (Zwiebel and Takken 2004 , Sato et al. 2008 , Wicher et al. 2008 , it is possible to assume that MaviArr2 plays a minor role in the olfactory machinery in M. vitrata larvae compared with other arrestin members and olfactory proteins, which supports the previous research in mosquitoes (Walker et al. 2008) . Much higher expressions of the MaviArr2 gene were observed during the mid-and late-pupal phase. It is generally known that within the chrysalis, growth and differentiation occur, but sensory functions (e.g., vision, hearing, and olfaction) are mostly inactive. The gene expression pattern at this stage is similar to that of the diapause hormone and pheromone biosynthesis activating neuropeptide (DH-PBAN) gene responsible for pupal diapause and sexual behavior in some moths (Xu and Denlinger 2003 , Wei et al. 2004 ). This suggests that the MaviArr2 protein may be involved in the stimulation and regulation of adult development in pupae or other critical GPCRmediated signal transduction pathways. In adult M. vitrata females, the MaviArr2 mRNA is greater in the Þrst two days than in day 3 and 4, which coincides with the timing of mate seeking. Because sex pheromone signals and odor perception share a common signaling network in insects (Nakagawa et al. 2005) , it may be co-regulated by arrestin-2. Moreover, the MaviArr2 expression is signiÞcantly greater in samples from male cDNA, examined during the Þrst two days of the adult period, consistent with a previous report of a dominant expression level of arrestin-2 in A. gambiae males (Merrill et al. 2003) . This may in turn imply the extra need for male M. vitrata to use sensory systems, modulated by arrestin-2, to pinpoint their mating targets in the Þeld shortly after eclosion. It is unclear exactly how or why the MaviArr2 gene expression would increase during the late adult stage. We hypothesize that the pattern is related to the postmating behavior in female moths to exert the sensory functions for choosing ideal host plants to lay eggs, even though the subjects in the current study are virgin female adults. Hence, additional study is required to validate this hypothesis.
The phylogenetic construction, consisting of all known insect arrestin-2 protein sequences, was carried out in the current study using the neighbor-joining method (Fig. 5b) . It is composed of two monophyletic clades. In the Þrst clade, including the only two examined species from the same genus, D. melanogaster and D. miranda are monophyletic. The suborders Brachycera and Nematocera are monophyletic sister taxa in the order Diptera. The sister group to the Diptera is the Lepidoptera, to which M. vitrata and D. plexippus belong, and the sister group to the Diptera plus Lepidoptera is the Coleoptera, to which T. castaneum belongs. However, the presence of the Phthiraptera (P. humanus corporis) as the basal sister group to the above taxa is unexpected and poses some questions, suggesting that the Endopterygota is polyphyletic (Fig. 5a) .
The second clade is composed of a monophyletic Apocrita plus C. quinquefasciatus. H. saltator forms a monophyletic group with A. echinator and C. floridanus, while A. mellifera is present as the sister group to the Formicidae members. C. quinquefasciatus is the basal sister group to the clade, suggesting that its genome is quite different from that of other Diptera. The bootstrapping results had 100% conÞdence in this clade (Culex plus Apocrita), indicating that these taxa share a similar genome.
The phylogenetic deviation of the apocritan clade is primarily because of its unique tandem duplication in the peptide sequence, as shown in Fig. 2 . However, it remains a puzzle why C. quinquefasciatus is so different from other dipterans but closer to apocritans in accordance with the arrestin-2 based phylogram. It is not uncommon for peptide sequences to have evolved either gain or loss functional domains to adapt to environmental changes. This is known, for example, even among closely related taxa (Bü rglin and Cassata 2002, Buljan and Bateman 2009) . On the whole, the arrestin-2 protein sequence similarity is correlated with the basic taxonomic relationships among the species and infers the feasibility and sensitivity of the arrestin-2 gene sequences as a phylogenetic marker in the class Insecta.
The intraspeciÞc comparison of the MaviArr2 nucleotide sequences failed to show a striking correlation between the coding sequence variation and host plant preference of M. vitrata (Fig. 6) . Intriguingly, M. vitrata samples collected from Benin are positioned in the same clade with the Kenya samples, and together they form a monophyletic group. While the source countries of other samples do not show a similar pattern and therefore lack a correlation with the intraspeciÞc DNA base variation, this may imply that the arrestin-2 gene is more conserved in Africa than elsewhere. As previous studies have indicated, M. vitrata may have originated in the Indo-Malaysian region (CAB International 2005) and has been recently introduced to Africa (Tamò et al. 2003 , Srinivasan et al. 2007 , it is plausible that populations in the African continent have yet to undergo diversiÞcation within a rather short period of evolutionary history. This hypothesis needs more evidence for support in future studies.
In conclusion, the current study provides several new clues about arrestin-2. The cDNA sequence of arrestin-2 encoding putative protein was for the Þrst time elucidated in a lepidopteran moth insect, M. vitrata, along with the corresponding genomic DNA sequence. The functional domains were unmasked and found to be highly conserved over a broad range of insect lineages. A duplicate of the arrestin-2 segment was found only in the family Formicidae, which could be a vital phylogenetic marker for differentiating wasps and ants from other insects. Developmental activities and reproductive behaviors are believed to be regulated by arrestin-2. In combination with the interspeciÞc and intraspeciÞc phylogenetic analyses, our Þndings suggest an alternative approach to pest management through manipulation of arrestin-2 gene products. As the arrestin-2 proteins play a pivotal role in desensitizing a broad scope of physiological responses, it is likely that they may inßuence the growth and differentiation of speciÞc tissues, mate Þnding, and host plant selection. By means of manipulating arrestin-2 and in turn the associated signal transduction pathway, it is anticipated that the insect development and behavior could be disrupted. For instance, Bai et al. (2011 Bai et al. ( , 2013 have reported the potential of novel pesticide development by targeting GPCR-associated protein genes. Furthermore, the RNA interference pathway was shown to be capable of inducing larval lethality in coleopterans through intake of dsRNA expressed in the host plants (Baum et al. 2007) , and this technique may be applied to inhibit the expression of arrestin-2 in M. vitrata. The intraspeciÞc variation in M. vitrata populations also sheds light on a potential pest management strategy of using M. vitrata attraction lures in various geographical regions on the basis of gene diversity, and extends our results to other pests. It should be noted that this study has examined only the nonvisual arrestin-2 within the arrestin family. Despite its preliminary character, this study clearly indicates the fundamentals of MaviArr2, and it can be used to expand our knowledge of other arrestin members in insects and relevant biological processes in future studies.
